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ABSTRACT
The 4 September 2010 Darfield Mw 7.1 earthquake, and subsequent 22 February 2011 Mw 6.3
Christchurch earthquake, caused extensive damage to Christchurch City. Although much of the city is
relatively flat, there are more than 2500 retaining walls in the Port Hills associated with the local
authority and residential properties. The walls were of a variety of types including stone masonry,
concrete masonry, crib, gabion, mass concrete, mechanised stabilised earth (MSE) and timber pole.
The walls were subjected to very strong ground shaking with peak horizontal ground accelerations of
up to 2.0g recorded. A wide range of damage resulted from the earthquake, from complete collapse to
negligible damage. This paper summarises the performance of the retaining walls.
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INTRODUCTION

The Mw 7.1 Darfield Earthquake on 4 September 2010 and subsequent earthquake sequence caused
extensive damage to Christchurch City and nearby towns. The 22 February 2011 Mw 6.3 Christchurch
Earthquake was the most serious in terms of the ground accelerations in the central business area of
the city (CBD) and resulted in the loss of 185 lives (CERC, 2011). A large proportion of the buildings in
the CBD were damaged beyond economic repair. The majority of lives lost were due to the failure of
three high rise buildings.
The authors are not aware of failure of retaining walls contributing to loss of life. This may be largely
due to the CBD being located in a relatively flat area. There were hundreds of retaining walls in the
suburbs to the south of the city, collectively known as the Port Hills. There were also several retaining
walls supporting motorways and local roads, for example on the approach to bridges. Many walls were
severely damaged, and some collapsed. The consequential damage of retaining wall failure included
loss of support to building foundations, loss of support to roads (in some cases resulting in their
closure), debris material striking buildings, and debris material blocking roads.
This paper summarises the performance of 2991 retaining walls. The database was compiled from a
number of sources:




Inspections and emergency repairs in 2011 (records from Christchurch City Council,
Opus International Consultants, Fulton Hogan, AECOM);
Database compiled by Stronger Christchurch Infrastructure Rebuild Team (SCIRT);
Inspections of residential properties (Farrell, AECOM)

The walls were a wide variety of types and sizes. The majority of the walls either supported the local
authority roads or supported cuts above the roads.
For the purposes of this paper, the following criteria were used in selecting appropriate case histories:




Walls that were inspected by the authors; and/or
Walls higher than 1.5m; and/or
Walls with adequate records to assess performance.
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SEISMICITY

There have been thousands of aftershocks following the Darfield Earthquake. However, the majority of
the damage was caused by the 22 February 2011 Christchurch Earthquake and the Mw 6.4 13 June
2011 aftershock. The earthquakes caused extensive liquefaction. There were few retaining walls
located in these areas, as they were typically situated in low lying and relatively flat alluvial and fluvial
plains, and coastal dune environment. There was also rock fall and cliff collapse in many areas in the
Port Hills. Rock fall and cliff collapse were particularly severe on 22 February 2011 and 13 June 2011.
Table 1:
Summary of recorded parameters of selected Canterbury earthquakes
Location
Date
Magnitude
Depth
Fault
Maximum
PGA
PGA
(note 1)
Darfield
4 Sep
7.1
8km
Complex
0.8g
0.6g
30km from CBD
2010
Port Hills
22 Feb
6.3
4km
Oblique1.7g
1.0g, 1.7g
<5km from CBD
2011
reverse
Port Hills
13 Jun
6.4
7km
Oblique2.0g
0.3g, 0.6g, 0.6g,
<10km from CBD
2011
reverse
0.8g, 1.1g, 2.0g
Note 1: Recording sites located in Port Hills and nearby (Heathcote Valley, Lyttleton Port, Godley Drive,
Panorama Road, and Summit Road) as reported by GNS (2011)

Whilst the earthquakes were on faults not previously identified, earthquakes have occurred in historic
times in Christchurch. The Darfield Earthquake resulted in ground motions generally consistent with
the design earthquake for Christchurch for many buildings (i.e. 500 year return period). The February
earthquake exceeded the 2500 year return period spectra in the CBD, especially for more flexible
structures. Rupture directivity and basin effects are thought to have contributed to these very high
ground motions. Very strong vertical accelerations were also recorded, particularly in the Christchurch
earthquake.
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PERFORMANCE OF RETAINING WALLS

3.1

Wall Types

A wide variety of wall types have been constructed in Christchurch over the years. Many of the historic
walls were dressed stone masonry walls, either dry stacked or mortared. More modern designs
included crib, gabion, concrete masonry block, timber pole and MSE. There were relatively few
substantial reinforced concrete embedded walls (for example contiguous bored pile walls). The large
majority of walls were cantilever or mass gravity, i.e. they were not anchored. There was only one wall
in the database with a retained height of over 10m. There was a considerable range in quality of the
walls, from both a design and construction perspective. Tables 2 and 3 below summarise the retaining
walls by type and height.
Table 2:

Summary of retaining walls by type
Type
Number
MSE
18
Concrete Masonry
397
Crib
314
Gabion
243
Timber Pole
565
Stone Masonry
969
Other
485
Total
2991

Table 3:
Summary of retaining walls by height range
Maximum retained height
Number
<1.5m
1624
1.5m to 2.5m
775
2.5m to 3.5m
336
>3.5m
256
Total
2991

Figures 1 and 2 below summarise the performance of the retaining walls by type and height. Table 4
defines the four performance categories used in the figures. The analysis in these categories was as
reported by the sources and is therefore somewhat subjective. However, very poor performance
typically included walls that collapsed, partially collapsed or displaced excessively resulting in
significant consequential damage. Good performance was typically no visible damage, minor
displacement or hairline cracks. Note that the performance figures may not sum to 100%, as the
information was not sufficient to assess performance in all cases.
Table 4:
Typical performance in each performance category
Performance Category
Outward movement
Wall damage
Good
<100mm
None
Average
100mm to 200mm
Minor
Poor
>200mm
Significant
Very Poor
>>200mm
Failure of more than 5m2
As can be seen in Figure 1, MSE walls had the best performance. Timber pole walls also performed
well with only 10% in the poor to very poor categories. Whilst gabion walls generally did not perform
well, there were also few that collapsed. Reinforced concrete masonry block walls and crib walls had
mixed performance with up to a quarter in the poor to very poor categories. The stone masonry walls
had the worst performance with almost a fifth collapsing. Figure 2 indicates that there is a trend
between height and the proportion of walls in the very poor category.

Figure 1. Wall performance by type

Figure 2. Wall performance by retained height

3.2

Mechanically Stabilised Earth

The performance of MSE walls forming the approaches to three road bridges were assessed in more
detail. There were ten walls associated with these three bridges with a maximum height ranging from
7.3m to 8.1m. The MSE walls act as gravity retaining structures with a coherent gravity block
consisting of facing panels, steel strip reinforcing and granular fill within the reinforced block behind
the facing. All of the walls were located on deep alluvial soils improved with stone columns. There
were no reports of significant liquefaction at any of the bridge sites. A sand boil was observed near the
Blenheim Road bridge but there was no sign of significant settlement at this location. Silt was
observed in storm water drains near the Barrington Street Bridge indicating some local liquefaction.
Only one of the bridges was in operation at the time of the Darfield Earthquake (Blenheim Road
Bridge, opened 2007). Barrington Street and Curletts Road Interchange Overpasses were constructed
before the February 2011 earthquake but the bridge superstructures had not been completed,
however, they had a surcharge of 1.5m of fill on top of the completed backfill. At the time of the 13
June 2011 aftershock these surcharges had been removed.
The area surrounding Christchurch was well instrumented with strong motion accelerographs. Fifteen
instruments were located within 18km of the February 2011 earthquake epicentre and records from
these instruments enabled estimates to be made of the shaking intensity experienced at the bridge
sites. From an examination of the peak ground accelerations (PGA) and the relative location of the
recorders and bridges, it is clear that the February 2011 earthquake produced the largest PGA’s at the
bridge sites. The following table shows the distances of the bridges from the earthquake epicentre and
the mean of the PGA recorded at the two nearest stations.
The table also includes the ULS design acceleration adopted. The Blenheim Road and Barrington
Street bridge superstructures are supported on abutment spread footings (sill beams) located close to
the wall faces. The abutments of the Curletts Road bridge are founded on 310UB137 piles and the
design acceleration was reduced on the basis that some displacement would be acceptable. At the
bridge sites the duration of strong shaking in the February 2011 earthquake was less than in the
Darfield earthquake; however examination of the stronger of the two horizontal time histories, showed
that there were ten peaks greater than 0.3g (total for both positive and negative peaks) compared to
only one peak exceeding 0.15g in the Darfield earthquake.
Table 5:

Mean of measured peak ground acceleration at the retaining wall sites
Bridge
Distance to epicentre
Estimated PGA
Design acceleration
Barrington Street
7km
0.45g
0.44g
Blenheim Road
8km
0.45g
0.30g
Curletts Road
9km
0.41g
0.31g

There were no reports of panel cracking or significant outward movement on any of the completed
walls. Surface sliding on the backfill slopes, which had been heightened by the surcharge, occurred at
Curletts Road but this did not damage the wall. Measured vertical and horizontal displacements were
up to 40mm and 25mm respectively. A differential horizontal displacement of 10mm to 15mm was
measured. Greater displacement at the bottom than the top of the walls may have indicated
movements in the soil layers at some depth below the base of the walls. However, these
measurements may not have been reliable due to the movement of the benchmarks. Much greater
settlements occurred during construction than during the earthquakes, with construction settlements
ranging from 200mm to 290mm.

3.3

Concrete Masonry Block Walls

Eighteen walls were assessed in more detail. Six performed poorly with outward rotation of more than
100mm or extensive cracking in the face. This indicates inadequate footings and inadequate
horizontal reinforcement respectively. In one of the walls, blocks shifted relative to one another
indicating unfilled cavities. Some of the walls assessed as having average performance had significant
cracks in the wall face that were probably related to differential settlement of the foundations.

There have been anecdotal reports of failed walls on residential sites having low quality construction
and/or design detailing, for example lack of reinforcement and inadequate cavity grouting. There have
also been reports of forward rotation of walls due to rounded gravel backfill settling during cyclic
displacement. This racking mechanism has been inferred to occur due to the settlement of the backfill
when the wall displaces forward and thus preventing the wall displacing back to its original position.

3.4

Crib Walls

More than 75 walls were assessed in more detail. The performance of the crib walls was mixed with
about 60% having average or good performance. Eighteen performed poorly (for example cracking of
units or significant displacement) and ten walls had partial collapse. In several cases sections of wall
collapsed near the end of wall where the adjacent unretained slope failed dragging some of the crib
units with it. Several failures appeared to be initiated by slope instability either above or below the wall.
Poor construction and design were factors that contributed to the poor performance of some walls. A
particular issue was the use of rounded gravel backfill within the wall units. This material tends to
shake out leaving voids between the block units and settlement of the ground or pavements above the
wall. There was evidence of this occurring at a number of sites.
A collapsed section of concrete crib wall is shown in Figure 3 where the steep slope above the wall at
one end probably contributed to the failure. Poor connections between stretchers, and between
stretchers and headers, were evident in some of the timber crib walls.

Figure 3. Example of crib wall collapse
Well designed and constructed crib walls generally performed well. Detailing that contributed to good
performance included well graded angular fill and vegetated faces.

3.5

Gabion Walls

Approximately 50 walls were assessed in more detail. About 80% were assessed as having average
or poor performance. Large outward movement (>200mm) was the main reason for assigning 40% of
these walls to the poor performance category. Outward movement was caused by both the stretching
of the baskets and rotation about the base of the walls. In a few cases sliding of material at the toe of
the wall may have contributed to the movement. There were no reported cases of failure of the wire
baskets and it did not appear that the movements had reduced the residual strength to a significant
degree. The main problem arising from the large movements was the cracking and settlement
damage to the footpaths and roadways above the walls.

A design issue with gabion walls is that in earthquakes because of their large mass they are subjected
to high lateral inertia loads as well as increased earth pressure. The baskets are also quite flexible
and under the combination of high vertical and horizontal accelerations the stones tend to “shakedown” and stretch the wire.
A 3.5m high wall was being inspected during the 13 June 2011 event. The wall was less than ten
years old and had a slender aspect, with terramesh reinforcement behind the baskets installed to
improve the stability. It was founded on and retained fill, with basalt at shallow depth (there was a
steep cut in basalt on the other side of the road). The wall had been damaged in previous
earthquakes, evident from displacement and cracking in the pavement. The inspecting engineer
reported that the cracks in the pavement in the road were opening and closing, and that his
impression was that the baskets were cyclically displacing out of phase with the road. This indicates
that the wall was displacing due to its inertia rather than due to increased earth pressures. It also
indicates that the terramesh reinforcement may not have been fully effective.

3.6

Timber Pole Walls

Twenty three walls were assessed in more detail. The overall performance was better than for most
other types with 83% placed in the good or average performance categories. Most of the pole walls
(87%) were less than 3.5m high and as a group were lower in average height than the gabion and crib
walls, which would be one reason for their better relative performance.
Four of the walls were assessed as having poor performance. In all these cases the outward
movement was estimated to be greater than 100mm and there was significant structural damage to
the walls. On three of the walls some of the horizontal members were dislodged and on one wall a
pole was broken at about mid-height. The pole spacing on the damaged walls appeared to be greater
than 1.0m and in all cases the damage could have been prevented by closer pole spacing (about 0.6m
is required for walls greater than 2m high) and better fixing of the horizontals (half-rounds on the
damaged walls).
There were a number of examples of cantilever timber pole walls performing well, despite having a
very slender appearance. These walls typically retained loess in cuts, and had small poles at large
centres compared to well-engineered designs. It can be inferred that these walls behaved in a very
flexible manner during the earthquakes and that the earth pressures from the loess were relatively
small.
There have been anecdotal reports of failed anchored timber pole walls; however, these sites have not
been inspected by the authors. The reports suggest that the anchor head connection failed. This
indicates poor detailing with inadequate sizing of the bearing plate.

3.7

Stone Masonry Gravity Walls

Over 150 walls were assessed in more detail. This category combines a variety of mass gravity walls,
including dressed stone masonry (dry or mortared), rubble stone masonry (i.e. not dressed stone), and
mass concrete walls. Many of the walls were constructed decades ago and had heritage value. The
walls were often very slender in aspect and often retained loess. Due to high strength of the loess, the
function of many of these walls could be considered as facing to prevent erosion rather than truly
retaining walls.
The stone masonry gravity walls typically performed very poorly and many collapsed (see Figure 4).
Whilst they may not have been subjected to high earth pressures due to the strength of the loess, they
were unable to resist the intertial loads. They may have failed in overturning due to the narrow
foundations or in bending and/or shear due their low flexural strength. The walls would also have had
very low robustness and redundancy. Therefore, a localised failure could easily have propagated into
a larger collapse.

Figure 4. Example of stone masonry wall collapse beside good performance of anchored timber pole
wall
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DISCUSSION

The majority of high quality retaining walls, designed and constructed using modern engineering
practice, performed very well in the earthquakes. A large proportion of retaining walls exceeded their
design requirements by surviving an earthquake significantly larger they would have been designed
for. Many walls performed adequately despite probably not being designed specifically for earthquake
actions. However, a large number of walls were damaged resulting in displacement and distress.
Some details and wall attributes that may have contributed to good performance include:



Walls with high redundancy and robustness performed well, for example MSE walls.
Flexible walls (in terms of cyclic displacement or residual displacement) typically
performed well, provided that the consequential displacement was tolerable.

The extent of damage that can be tolerated in a major earthquake requires further consideration by
the engineering community. Retaining walls require a significant capital investment and their repair or
replacement following the earthquakes in Christchurch is a burden to the city and its insurers.
Retaining walls are often in locations that are difficult to access, or are in close proximity to other
structures, which makes their repair a challenge.
The types of retaining walls that performed poorly and more frequent types of damage should be
addressed in design and construction practice. These included:








Stone masonry walls lacked the strength, robustness and redundancy to withstand the
earthquakes
Rounded gravel fill material settled behind solid faced walls or was shaken out of crib
walls. This resulted in forward rotation through racking and excessive settlement
behind the solid faced walls. The racking may also have contributed to the failure of
wall elements by increasing the earth pressure.
Poorly detailed connections failed.
Construction defects resulted in poor performance. Inadequate cavity grouting in
concrete masonry walls was a notable issue.
Global instability of the retained slope and foundation soil.
Inadequate engineering design input.

It should be recognised in design practice that retaining walls are likely to undergo significant cyclic
displacement and possibly residual displacement in major earthquakes. Designing to accommodate
such displacements would be more prudent than using potentially unrealistic assumptions regarding
elastic behaviour. For example, using Newmark sliding block theory to estimate design displacements

and using a displacement based approach allows the earth pressure coefficient to be reduced. This
approach has been adopted in the recently published MBIE design guide for retaining walls in
Christchurch (MBIE, 2013).

5

CONCLUSIONS

The Mw 6.3 Christchurch Earthquake and subsequent aftershocks subjected hundreds of retaining
walls in Christchurch to very strong ground shaking. Peak ground accelerations of up to 2.0g were
recorded. Whilst some walls collapsed and many were damaged, there were few reports of wall
failures causing building collapse or severing infrastructure. The consequential damage of retaining
wall failure includes the loss of support to, and debris material striking, buildings and roads.
Ten substantial MSE walls of up to 8.1m height performed well with little apparent damage or
displacement. Concrete masonry block and crib walls had mixed performance with some collapsing or
undergoing excessive displacement. Poor design or construction contributed to failure. Gabion walls
tended to displace by up to 200mm. Engineered timber pole walls generally performed well but there
were some examples of significant displacement, pole rupture and anchor connection failure where
engineering input may have been lacking.
A large proportion of stone masonry gravity walls collapsed, probably due to inertial loads. These walls
were unable to withstand these loads and large cyclic displacements.
Well-engineered walls designed for appropriate static loads can survive significant dynamic seismic
actions, albeit with some outward displacement.
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